We re-analyse the implications of the DAMA/NaI experiment for mirror mattertype dark matter, taking into account information from the energy dependence of the DAMA annual modulation signal. This is combined with the null results from the CDMS experiment, leading to fairly well defined allowed regions of parameter space. The allowed regions of parameter space will be probed in the near future by the DAMA/LIBRA, CDMS, and other experiments, which should either exclude or confirm this explanation of the DAMA/NaI annual modulation signal. In particular, we predict that the CDMS experiments should find a positive signal around the threshold recoil energy region, E R < 15 keV in the near future.
The exact parity symmetric model [1] is the minimal extension of the standard model which allows for an exact unbroken parity symmetry [x → −x, t → t]. According to this theory, each type of ordinary particle (electron, quark, photon etc) has a corresponding mirror partner (mirror electron, mirror quark, mirror photon etc), of the same mass. The two sets of particles form parallel sectors each with gauge symmetry G (where G = SU(3) ⊗ SU(2) ⊗ U(1) in the simplest case) so that the full gauge group is G ⊗G. The unbroken mirror symmetry maps x → −x as well as ordinary particles into mirror particles. Exact unbroken time reversal symmetry also exists, with standard CPT identified as the product of exact T and exact P [1] .
It has been argued that the stable mirror particles, mirror nucleons and mirror electrons are an interesting candidate for the inferred dark matter of the Universe (for a review, see Ref. [2] ). Of particular importance is that mirror matter-type dark matter can successfully explain the large scale structure formation [3, 4, 5] . Under this mirror dark matter hypothesis, the halo of our galaxy should be gas of ionized mirror atoms and mirror electrons together with a non-gaseous component of f ∼ 0.2 (which can be inferred from gravitational microlensing studies [6] ). Although dissipative, roughly spherical galactic mirror matter halo's can exist without collapsing provided that a heating mechanism exists -with ordinary and/or supernova explosions being plausible candidates [7] .
Ordinary and mirror particles interact with each other by gravity and via photonmirror photon kinetic mixing:
where F µν (F ′ µν ) is the field strength tensor for electromagnetism (mirror electromagnetism). One effect of photon-mirror photon kinetic mixing is to cause mirror charged particles (such as the mirror proton and mirror electron) to couple to ordinary photons with effective electric charge ǫe. [1, 10, 11] The various experimental implications of photon-mirror photon kinetic mixing have been reviewed in Ref. [12] . Of most relevance for this paper, is that this interaction enables mirror particles to elastically scatter off ordinary particles -essentially Rutherford scattering.
A detector on Earth can therefore be used to detect halo mirror nuclei via elastic scattering. Several previous papers [13, 14, 15] have explored this possibility, especially in view of the impressive dark matter signal from the DAMA/NaI experiment [16] . The purpose of this paper is to re-analyse the mirror matter interpretation of the DAMA/NaI experiment in combination with the null results of the CDMS experiment [17] in order to pin down more precisely the currently favoured region of parameter space within this scenario.
2 Technically, photon-mirror photon kinetic mixing arises from kinetic mixing of the U (1) and U (1) ′ gauge fields, since only for the abelian U (1) gauge symmetry is such mixing gauge invariant [8] . The only other gauge invariant and renormalizable interactions mixing ordinary and mirror particles are the quartic Higgs -mirror Higgs interaction: λφ † φφ ′ † φ ′ and neutrino -mirror neutrino mass mixing [1, 9] .
Let us first briefly review the required technology (see references [13, 14, 15] for more details). For definiteness, consider a halo mirror nuclei, A ′ , of atomic number Z ′ scattering off an ordinary nucleus, A (in an ordinary matter detector) of atomic number Z. The cross section is then just of the standard Rutherford form corresponding to a particle of electric charge Ze scattering with a particle of electric charge ǫZ ′ e. This cross section can be expressed in terms of the recoil energy of the ordinary atom, E R , and the velocity in the Earth's rest frame, v:
and F X (qr X ) (X = A, A ′ ) are the form factors which take into account the finite size of the nuclei and mirror nuclei. [q = (2M A E R ) 1/2 is the momentum transfer and r X is the effective nuclear radius] 3 . A simple analytic expression for the form factor, which we adopt in our numerical work, is the one given by Helm [18, 19] :
with r X = 1.14X 1/3 fm, s = 0.9 fm. In this equation, j 1 is the spherical Bessel function of index 1.
In an experiment such as DAMA/NaI [16] , the measured quantity is the recoil energy, E R , of a target atom. The interaction rate is
where N T is the number of target atoms per kg of detector 4 . Also, n A ′ is the halo number density (at the Earth's location) of the mirror element, A ′ and f A ′ (v, v E )/k is its velocity distribution (k is the normalization factor) with v being the velocity relative to the Earth, and v E is the Earth velocity relative to the dark matter distribution. The lower velocity limit, v min (E R ), is given by the kinematic relation:
Considering a particular mirror chemical element,
, the velocity distribution for these halo mirror particles is then:
where
The assumption of approximate hydrostatic equilibrium for the halo particles implies a relation between T and the local rotational velocity, v rot : [14] 
where µM p is the mean mass of the particles comprising the mirror (gas) component of the halo (M p is the proton mass). Note that the Maxwellian distribution should be an excellent approximation in the case of mirror dark matter, since the self interactions of the particles ensure that halo is thermalized. The velocity integral in Eq. (5),
is standard (similar integrals occur in the usual WIMP interpretation 5 ) and can easily be evaluated in terms of error functions assuming a Maxwellian dark matter distribution [19] ,
The Earth's velocity relative to the galaxy, v E , has an estimated mean value of v E ≃ v rot + 12 km/s, with v rot , the local rotational velocity, in the 90% C.L. range [20] ,
While some estimates put more narrow limits on the local rotational velocity, it is useful to allow for a broad range for v rot since it can also approximate the effect of bulk halo rotation.
As can be seen from Eq. (7, 8) , in the case of mirror matter-type dark matter, the v 0 value for a particular halo component element, A ′ , depends on the chemical composition of the halo. In general,
The most abundant mirror elements are expected to be H ′ , He ′ , generated in the early Universe from mirror big bang nucleosynthesis (heavier mirror elements should be generated in mirror stars). It is useful, therefore, to consider two limiting cases: first that the halo is dominated by He ′ and the second is that the halo is dominated by H ′ . The mean mass of the particles in the halo are then (taking into account that the light halo mirror atoms should be fully ionized):
The v 0 values can then easily be obtained from Eq. (13):
Mirror BBN [3] suggests that He ′ dominates over H ′ , and this is what we assume in our numerical work in this paper. However, it turns out that the thresholds of the DAMA/NaI and CDMS experiments are sufficiently high that these experiments are only sensitive to mirror elements heavier than about carbon, which means that v 0 (A ′ ) ≪ v rot for these elements -independently of whether He ′ or H ′ dominates the halo. For this reason, our main results (such as the allowed regions in figure 4 ) do not depend very significantly on whether we assume that He ′ or H ′ dominates the mass of the Halo.
The DAMA/NaI experiment [16] turns out to be very sensitive to mirror mattertype dark matter because of the light target element, Na, and the relatively low energy threshold of 2 keVee 6 . This experiment uses the annual modulation signature [21] , which arises because of the Earth's motion around the sun. The point is that the interaction rate, Eq.(5), depends on v E , which varies due to the Earth's motion around the sun:
where v ⊙ = v rot + 12 km/s ∼ 230 km/s is the sun's velocity with respect to the galaxy and v ⊕ ≃ 30 km/s is the Earth's orbital velocity around the Sun (t 0 = 152.5 days and ω = 2π/T , with T = 1 year). The inclination of the Earth's orbital plane relative to the galactic plane is γ ≃ 60 o , which implies that ∆v E ≃ 15 km/s. The differential interaction rate, Eq.(5), can be expanded in a Taylor series around v E = v ⊙ , leading to an annual modulation term:
According to the DAMA analysis [16] , they indeed find an annual modulation at more than 6σ C.L. Their data fit gives T = (1.00 ± 0.01) years and t 0 = 140 ± 22 days, consistent with the expected values. 
The DAMA experiment itself is not sensitive to the dominant, He ′ or H ′ component. These nuclei are too light to give a signal above the DAMA/NaI energy threshold. DAMA is sensitive to mirror nuclei heavier than about carbon. In this paper, we propose to approximate the spectrum of such heavy mirror metals by three components, O ′ , Si ′ , F e ′ , which span the expected mass range. In principle it might be possible to predict the relative abundances of the mirror metal components if enough is known about the initial conditions and stellar evolution in the mirror sector (for some preliminary work in this direction, see ref. [22] ). However, for the purposes of this paper, we leave the relative abundances of these three components as free parameters to be fixed by the direct detection experiments.
Interpreting the DAMA annual modulation signal [Eq. (19) ] in terms of these three elements and assuming a He ′ dominated halo, we find numerically that:
where the errors denote a 3 sigma allowed range [i. ∆v E ]. In Figure 1a ,b,c, we give the predicted DAMA/NaI annual modulation energy spectrum for He ′ dominated halo assuming a mirror metal component consisting of a) pure
, for three representative values for v rot . In each case, |ǫ| √ ξ is fixed so that R 1 = 0.019 cpd/kg/keVee in the (2 − 6) keVee region. As the figures illustrate, the spectrum for the pure O ′ case is very steep, with negligible annual modulation in the (4-6) keVee region. Si ′ and especially the F e ′ case, on the other hand, are much flatter. Of course, this behaviour is very easy to understand: the heavier elements, impacting with the Earth with typical velocity, ∼ v rot , can transfer more momentum to the target nuclei, and thus can give a significant signal at larger recoil energies. Importantly, there is a negligible region of parameter space which gives a significant annual modulation above 6 keVee -consistent with the DAMA/NaI experiment which only observed an annual modulation below 6 keVee. [16] Information about the annual modulation energy spectrum can be obtained from the published measurements [16] : In particular, we can infer from the above that the annual modulation is likely to be non-negligible in the (4-6) keVee region:
Clearly, this suggests that Si ′ and/or F e ′ are non-negligible component(s). This can be quantified, by considering the (approximate) 2σ range: 0.005 < R 1 [(4 − 6)keVee] < 0.025, with A[(2 − 6)keVee] = 0.019. This is equivalent to:
In figure 2 , we plot the allowed region of parameter space consistent with this constraint. We vary ξ Si ′ , for 3 fixed values for ξ F e ′ . We now turn to the CDMS/Ge experiment [17] . This experiment has a threshold of 10 keV with a germanium target. Unlike the DAMA/NaI experiment, the CDMS/Ge experiment is not sensitive to the annual modulation effect, but aims to measure the absolute interaction rate (which we approximate by fixing v E = v ⊙ ):
The CDMS event rate is the product of the interaction rate and over-all detection efficiency. With 52.6 kg-days of raw exposure, they obtained no events passing their detection criteria. Using their published detection efficiency (figure 3 of ref. [17] ), We can predict the expected number of events, fixing |ǫ| √ ξ using the positive DAMA/NaI annual modulation signal. Of course, the prediction depends on the chemical composition of the halo. In figure 3 , we give the three illustrative cases of a He ′ dominated halo with mirror metal component consisting of: a) pure O ′ [ figure 3a] , b) pure Si ′ [ figure 3b ] and c) pure F e ′ [ figure 3c ]. As the figures show, the CDMS/Ge experiment is completely insensitive to O ′ , but does have some significant sensitivity to the Si ′ and F e ′ components. Of course, the reason for this is clear: the heavier elements can transfer more momentum to the target nuclei and can therefore give more events.
Recall, a heavy Si ′ , F e ′ component is expected from the non-negligible annual modulation in the 4−6 keVee region observed in the DAMA/NaI experiment. Therefore, the current null results from the CDMS/Ge experiment does significantly constrain the mirror matter interpretation of the DAMA experiment. The null result of CDMS/Ge suggests a limit of N < 3 (at 95% C.L.) for their 52.6 kg-day sample (or equivalently, less than 0.057 cpd/kg). In figure 4 we combine this CDMS/Ge limit with the DAMA/NaI constraint, Eq. (24), to give the combined DAMA/NaI-CDMS/Ge allowed regions in the v rot , ξ Si ′ /(ξ Si ′ +ξ O ′ +ξ F e ′ ) plane. Figure 4a assumes ξ F e ′ /(ξ Si ′ + ξ O ′ + ξ F e ′ ) = 0, while figure 4b assumes ξ F e ′ /(ξ Si ′ + ξ O ′ + ξ F e ′ ) = 0.02, and figure 4c assumes ξ F e ′ /(ξ Si ′ + ξ O ′ + ξ F e ′ ) = 0.04. There is no allowed parameter space for ξ F e ′ /(ξ Si ′ + ξ O ′ + ξ F e ′ ) > 0.10. Note that the allowed parameter space is fairly well defined. In fact, we would expect a positive signal from the CDMS/Ge experiment in the very near future, which we predict to be at recoil energies very close to threshold (certainly < 15 keV).
Very recently, the CDMS collaboration have presented new data [25] consisting of a raw exposure of about 93 kg-days for CDMS/Ge. Interestingly, they did obtain 1 event with a recoil energy of 10.5 keV passing their detection criteria. Furthermore, the background in the near threshold region (E R < 15 keV) is expected to be much less than 1 event -given that the estimated background for the 10 keV < E R < 100 keV region is just 0.4 events [25] . Of course, one shouldn't take one event too seriously so we must wait for confirmation or non-confirmation in the near future. They also presented results for CDMS/Si which is also potentially sensitive to mirror matter-type dark matter. However, they have not published their over-all detection efficiency for CDMS/Si, so a quantitative analysis is not possible. However, assuming that the CDMS/Si experiment has the same over-all detection efficiency as the CDMS/Ge experiment (as given in figure 3 of ref. [17] ), then we predict between 1-5 events for the exposure time of 74.5 live days for the allowed regions in figure 4 .
In conclusion, we have re-analysed the mirror matter interpretation of the positive dark matter signal obtained in the DAMA/NaI experiment, taking into account the annual modulation spectrum constraint, Eq. (24) . We have combined this with the null results from the CDMS/Ge experiment, to yield fairly well defined allowed regions of parameter space. This favoured parameter space will be probed in the near future by the currently running DAMA/LIBRA and CDMS experiments. In particular, this interpretation of the DAMA/NaI experiment suggests that the CDMS/Ge (and CDMS/Si) experiment(s) should see a positive signal around the recoil energy threshold E R < 15 keV in the near future.
